A model of creep deformation in single crystal superalloys accounts for the tertiary creep behaviour through a damage parameter that is related to the accumulation of mobile dislocations and for the anisotropies and asymmetries of creep by the viscous glide on two families of slip systems. Creep curves for the single crystal superalloy SRR99 have been analysed. Among aspects of the deformation of single crystals predicted by the model and validated by experiment are the dependence of the relative creep strengths of < lOO> and < 111 > orientations on stress and temperature and the changes in orientation and specimen cross-section with creep strain.
Introduction
The technological impact of single crystal turbine blades has been one of the most important features of superalloy development over the past decade. The critical contribution to this technology has been the identification of a range of alloy compositions specific to the single crystal form (1, 2, 3) . Although the temperature capabilities of these materials are undoubtedly significantly higher than those of the conventionally cast and directionally solidified alternatives, it is unlikely that their full potential has yet been fully real&d because of the difficulties in fully accounting for the crystallographic anisotropies in both the compilation of a database of mechanical properties and in engineering design, particularly in conditions of complex and varying stress.
The creep behaviour of single crystal superalloys has a range of characteristics that are not generally accounted for in databases of mechanical properties. The creep curve shows a progressive increase in creep rate over most of the specimen life. This extended tertiary creep behaviour is also exhibited by most isotropic superalloys. The creep behaviour is a strong function of crystal orientation in addition to being dependent on stress IY and temperature T. The relative creep strengths of different orientations vary with both stress and temperature for a given alloy and alloys differ in their levels of anisotropy (4) . l Crystal orientations, in general, vary during deformation. It is only the simple symmetrical < lOO> and < 1 1 1 > orientations that are stable under axial loading. l Asymmetric deformation leads to changes in component shape causing, for example, cylindrical specimens to develop increasingly elliptical cross-sections.
A test programme to fully characterise all of these features as functions of the principal test variables, stress and temperature, for each alloy would be impracticable because of the large number of variables. Rather, it is necessary to develop a strategy to account for the observed complexities of behaviour in terms of a more limited database.
There has been considerable success in modelling the highly non-linear creep behaviour of isotropic engineering alloys including nickel-base superalloys. For example, the empirical Graham-Walles representation (eg Candler and Winstone (5)) and the &projection method of Evans and Wilshire (6) can represent creep curve shapes of a wide range of materials. Barbosa et al (7) described an alternative physics-based modelling approach to the analysis of superalloy creep that accounts for the dominant tertiary behaviour in terms of a range of damage mechanisms and that can be extended to account for more complex loading conditions (8) .
The present study, which is an extension of the work described by Barbosa et al, develops and evaluates a physics-based model of creep in single crystals that accounts for both the tertiary creep behaviour and the anisotropic deformation that is manifested in the complex and asymmetric characteristics of single crystal superalloys outlined above. The basis of the model, which as been described by Ghosh et al (9) , is that even in creep conditions plastic deformation occurs on a restricted number of slip systems; this assumption is in agreement with many detailed microstructural studies (10,ll) although there is some debate over the detailed identification of the operative slip vectors. This paper will explore the implications of the model to different aspects of deformation and will compare the predictions with experimental observations and measurements.
Isotronic Model and Svmmetric Orientations
The isotropic model described by Barbosa et al (7) considers the creep rate B at any time to be determined by the current values of two state variables S and w that are related to the evolution of microstructure of the material. S is an internal stress that progressively increases to an asymptotic steady state value S,, and leads to the initial primary creep behaviour. The damage parameter w can have contributions from a variety of mechanisms including the change in alloy microstructure, development of grain boundary cavities and changes in specimen cross-section. For single crystals tested under constant stress conditions only the microstructural contribution need be considered.
Recent analyses, both theoretical (12) and experimental (13, 14) have shown i to be a linear function of w rather than the exponential function described by Barbosa et al (7) . The creep behaviour is described by a coupled set of differential equations that can be integrated numerically to account for the strain-time evolution:
Any individual creep curve is fully described by the four parameter set (pi, Sss, H, C) and procedures have been developed to evaluate these parameters by analysis creep curves (7).
The isotropic model has been used to analyse a database of tensile creep curves for <OOl> oriented single crystals of SRR99 tested under constant stress conditions at a wide range of stresses and temperatures. For this orientation there are no significant crystal rotations and deformation is quite symmetrical. Consequently the simple model would appear to be appropriate. Each individual creep curve was analysed using the CRISPEN software developed by the National Physical Laboratory to determine the optimum values of the model parameters; Figure 1 shows a typical fit of the curve generated by Equation Set 1 to the experimental points. 
where A,, A,, A,, A,, Q, and Q2 are constants. Thus an eight parameter set can be used to represent fully the creep behaviour over the entire range of stresses and temperature considered. Figure 2 compares the measured times to 5% strain and to rupture with the values calculated using Equations l-5. The agreement for rupture life is generally within the experimental scatter for temperatures below -1000°C where there is no extensive y' rafting. There is an additional deviation at low strains at 750°C associated with the higher levels of primary creep that occur at low temperatures. However, the model implemented on a standard IBM compatible personal computer provides a good representation of a wide range of creep curves. The differential formulation of Equation Set 1 allows creep strain under varying stresses and temperatures to be computed in a straightforward manner. 
Anisotronic Model and Data Analvsis
The isotropic model is expressed in terms of tensile stresses and tensile strains. However, there is now firm evidence from detailed electron microscope studies (3, 10, 11) that, even in long term creep conditions, deformation in single crystal superalloys occurs by dislocations operating under local shear stresses on well defined glide systems to produce a shear strain. Ghosh et al (9) have described in some detail the formulation of a model of creep in which deformation occurs by time dependent glide in specific crystallographic directions. The model retains the characteristic of 612 increasing damage to represent the tertiary creep behaviour. When applied to a single crystal superalloy, Ghosh et al (9) show that it is necessary to incorporate glide on both octahedral and cube planes in order to account for the observed creep anisotropies. The model represented by Equation Set 1 can be reformulated in terms of shear creep on each allowed glide system, the tensile strain observed being the accumulation of many shear displacements.
Model formulation
The basic assumption is that all of the N possible slip systems of the allowed type, (ni n2 n3) [b, b, bs] say, will be active and shear at a rate dependent on the local resolved shear stress rk and on temperature T. The displacement vector eij, defined with respect to the cube axes can be determined by summation of the various shear components (6) k=I where i,j represents components along the three cubic crystal axes and have integer values of 1, 2 or 3. The summation can be extended over several types of slip systems.
In general, the small deformation represented by Equation 6 will lead to a rotation of the original tensile axis [ti b ta] to a new orientation [T, T2 T3] according to the transformation:
The tensile strain E is then simply related to the magnitude of the tensile axes before and after deformation
The asymmetry of deformation can similarly be related to the different changes in vectors in various directions in the plane normal to the original tensile axis. The initial and final transverse vectors [xi xZ x3] and [Xi X, X,] are related by a similar transformation as Equation 7 and the transverse strain et is given by the change in magnitude of these vectors
x-x E =-t ( 
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In this analysis, two specific slip systems are considered to be active -viz { 11 l> < ]Ol> and (001) < 1 lo>. The rate of shear deformation on each of them is represented by a set of coupled differential equations of the form of Equation 1.
Deformation on each system is represented by the four parameters ('i, S,,, H, P) of which ri and P have strong dependencies on shear stress and temperature represented by:
and Ql ii = a, exp (ap -j-$ Q2 P = as exp (-a,7 -& (11) (12) The creep behaviour can be calculated numerically using Equations 6-12 using similar procedures to those used in the isotropic model with the added complexity that the orientation is redefined after each time step in the calculation.
Data analvsis
As indicated above, for an arbitrary crystal orientation the model predicts that tensile strain will be accompanied by a change in orientation and a shape distortion. However, for axial loading of the simple orientations < 100 > and < 1 1 1 > the active slip systems are symmetrically oriented with respect to the axis of loading and this stabilises the material orientation and shape. For these special orientations, the tensile and shear formulations of the model are exactly equivalent there being simple geometrical relationships between the model parameters (see Ghosh et al (9) for details).
Since a < lOO> axial stress has zero resolved shear stress on cube planes, analysis of tensile creep data for < lOO> oriented crystals gives information only on (111) < iO1 > glide. Similarly, a < 111 > axial stress has a much greater resolved shear stress on cube than on octahedral planes enabling the parameters for (001) < 1 lO> glide to be evaluated from < 111 > tensile creep data. Figure 1 shows the level of agreement in calculations using the tensile and shear formulations for a typical tensile creep curve for < lOO> oriented SRR99.
Constant stress creep curves at a range of stresses and temperatures for specimens of SRR99 of < lOO> and < 111 > orientations have been analysed to produce the database of 14 parameters required by the anisotropic model formulation. Available data for < lOO> orientations covered a more comprehensive range of stresses and temperatures than for < 111 > . Consequently, the evaluation of the model parameters for cube slip may be subject to some uncertainty making the predictions indicative rather of high quantitative precision.
Model Predictions and Exuerimental Validation
Having established the model parameter database for SRR99, Equations 6-12 are used to calculate various characteristics of the anisotropy of creep deformation that were highlighted in the introduction and to compare the calculated behaviour with experimental observations. Relative creen nerformance of < 100 > and < 1 1 1 > Creep curves for < lOO> and < 111 > orientations subject to various tensile stresses and temperatures have been calculated using the model and the database for SRR99. There is no simple relationship between the predicted creep strengths of the two orientations. The results are summarised in Figure 3 which plots the ratio of the calculated times for < 100 > and < 11 1 > specimens to achieve 20% strain as a function of the applied tensile stress at various temperatures. The variation in the relative creep strengths of the two orientations is due to the different stress and temperature dependencies for glide on the (111) < iOl> and (001) < llO> systems. These predictions should be taken as indicative of the capability of the model; they are subject to considerable uncertainty because of the small < 11 1 > database. 614
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Changes in orientation
The initial orientations of all single crystal creep specimens were determined prior to testing to an accuracy of about 1" by Laue X-ray back-reflection. High quality patterns were obtained from the as-solidified material; however, after creep testing the pattern was too diffuse to allow meaningful orientations to be determined. This behaviour is consistent with the accumulation of a relatively high dislocation density during deformation that introduces a significant dispersion of the atomic order over the volume of material that is sampled by the X-ray beam (-lo9 pm3). Much higher resolution can be obtained by analysis of electron back scatter patterns (EBSP) obtained using a scanning electron microscope with the field emitter gun (-1 pm3) as described by Quested et al (15) . Using this technique the orientations at various distances along the gauge length of fractured test specimens were determined.
A full analysis of the results from this phase of the study will be given elsewhere (15) . However, Figure 4a gives examples of the results obtained from creep specimens with different initial orientations that were tested at 850°C with a stress of 450 MPa. The fracture specimens exhibited significant necks indicating a large increase in local strain (reduction in area) as the fracture surface is approached. The main features of the orientation changes can be summarised as follows:
. in the specimen shoulder where there has been no significant plastic strain there is little scatter in a series of orientation determinations;
. as the fracture surface, and the zone of maximum plastic strain, is approached the orientation rotates but there is also an increased scatter in the orientation measurements. 
Changes in specimen shape
Most specimens with complex initial orientations exhibited a significant change in specimen crosssection during creep deformation. The initially circular cross-section developed an increasingly elliptical shape as the area of cross-section was progressively reduced. The shapes of the same test specimens whose orientations were characterised above were determined as a function of the local reduction in area. A typical example of the measurements is shown in Figure 5a which plots the ratio of the maximum and minimum specimen diameters (a/b) as a function of the local reduction in area for a < 234> specimen creep tested at 75OW750 MPa. The model predictions of the changes in cross-section for these test conditions and orientation are shown in Figure 5b . The calculated ratio a/b is included in Figure 5a for comparison with the measurements.
Future develonments
The model is at an early stage of development and validation. However, it is capable of extension to describe the effects of multiaxial stress states and of a wider range of loading conditions (eg strain control, stress relaxation, fatigue). The latter extension has recently been discussed by Ghosh and McLean (8) in relation to the isotropic model and will not be discussed further here. The extension to multiaxial stressing will be relatively simple for the single crystal model since no averaging criterion, such as the Van Mises stress, is used. It is only necessary to specify the resolved shear stresses on the operative slip systems resulting from the complex stress state which can be specified by three principal stresses (ai, u2, u3). Figure 6 shows the calculated creep strain in the C lOO> direction for various multiaxial stresses at 850°C. Three different types of loading with 450 MPa along < lOO> are considered; the principal stress in the three cube directions are indicated. Tensile creep along C lOO> gives a stable orientation and material shape while shear creep gives an asymmetric deformation leading to changes in orientation and specimen shape. The model also predicts zero creep under pure hydrostatic conditions as is required by volume conservation. Further developments are required for this aspect of the model and a programme of discriminatory tests is also planned. 
